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(57) ABS TRAC ’I 

The present invention is directed to devices and systems 
used in magnetic imaging environments that include an 
actuator device having an elastomeric dielectric film with at 
least two electrodes, and a frame attached to the actuator 
device. The frame can have a plurality of configurations 
including, such as, for example, at least two members that 
can be, but not limited to, curved beams, rods, plates, or 
parallel beams. These rigid members can be coupled to 
flexible members such as, for example, links wherein the 
frame provides an elastic restoring force. The frame prefer- 
ably provides a linear actuation force characteristic over a 
displacement range. The linear actuation force characteristic 
is defined as 220% and preferably 10% over a displacement 
range. The actuator further includes a passive element 
disposed between the flexible members to tune a stiffness 
characteristic of the actuator. The passive element can be a 
bistable element. The preferred embodiment actuator 
includes one or more layers of the elastomeric film inte- 
grated into the frame. The elastomeric film can be made of 
many elastomeric materials such as, for example, but not 
limited to, acrylic, silicone and latex. 
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ELASTOMERIC ACTUATOR DEVICES FOR 
MAGNETIC RESONANCE IMAGING 

CROSS REFERENCES TO RELATED 

elastomeric film, the frame having at least two members 
coupled with a plurality of flexible links. The elastomeric 
film includes a plurality of layers of, including but not 
limited to, acrylic andor silicone. 

APPLICATIONS 5 In accordance with another preferred embodiment of the 
present invention a positioning device for use in magnetic 
resonance imaging of a region of interest includes a plurality 
of stages, each stage of the device including an elastomeric 
film having a first surface and a second surface, a first and 

i o  second electrode disposed on the first and second surface, a 
frame attached to the polymer film, the frame having at least 
two beams coupled with a plurality of links to provide a 
restoring force, and an electrically resizable coil disposed on 

This invention was made with government support under the surface of the polymer film to remotely control the 
Prime NASA Grant Number NAS5, under an agreement 15 location and focus of the region of interest. In one preferred 
with the University Space Research Association Contract embodiment, the positioning device can further include a 
Number SUB AGMT,,USRA 07600-033. passive element coupled to the plurality of links. In another 

embodiment the imaging coil includes a ring with elastomer 
polymer actuator muscle disposed within the ring. In another 

20 preferred embodiment the electrodes can form the imaging 
Magnetic Resonance Imaging (MRI) is a technique for coil. 

visualizing and quantifying the amount and molecular In accordance with another aspect of the present inven- 
mobility of water andor fat in a sample. The energy used is tion, a probe for use in magnetic resonance imaging of a 
non-invasive and non-destructive. The modality of imaging region of interest within a body, includes an elongate shaft 
provides cross-sectional and multi-planar imaging for pre- 25 having a proximal end and a distal end, and an elastomeric 
cise spatial delineation and the capability to exploit tissue actuator structure disposed in the distal end. The dielectric 
contrast that is not available by any other modality. The elastomeric actuator structure has a plurality of elastomer 
radio frequency (RF) signal from a sample is acquired using films disposed between two compliant electrodes, the poly- 
an antenna or coil. mer films being attached to a frame and having a variable 

Conventional actuators, for example, electric motors can- 30 size receiver coil coupled thereon. In a preferred embodi- 
not be used in Magnetic Resonance Imaging (MRI) scanners ment the probe includes coils with a minimal profile for 
because of the high magnetic fields in these systems. Para- insertion that can be sized remotely once deployed. 
magnetic materials in conventional actuators are not safe In accordance with another aspect of the present inven- 
due to magnetic attraction. Moreover, these materials distort tion, a receiver coil for use in magnetic resonance imaging 
the homogeneous magnetic field necessary to create an MR 35 of a region of interest, includes an elastomeric film coated on 
image. Furthermore, electromagnetic emissions may cause a first and a second surface with a first and a second 
noise in the MR images. Conventional actuators, therefore, compliant electrode, and a frame attached to the elastomeric 
cannot be used proximal to the imaging volume of the film. The receiver coil has a variable size that is remotely 
scanner. controllable. Further, the receiver coil is integrated in an 

In accordance with another aspect of the present inven- 
tion, a manipulator device includes dielectric elastomeric 

The present invention is directed to devices and systems actuators as described with respect to preferred embodi- 
used in magnetic imaging environments that include an ments herein. The manipulator can be used to vary size 
actuator device having an elastomeric dielectric film with at 45 andor shape of imaging coils, position the imaging coils and 
least two electrodes, and a frame attached to the actuator focus images in the region of interest. 
device. The frame can have a plurality of configurations Another preferred embodiment of the present invention 
including, such as, for example, at least two members that includes a device for applying oscillatory stress to an object 
can be, but not limited to, curved beams, rods, plates, or in a polarizing magnetic field of a nuclear magnetic reso- 
parallel beams. These rigid members can be coupled to 50 nance imaging system, used to perform MR elastography. 
flexible members such as, for example, links wherein the The device includes an actuator device having an elasto- 
frame provides an elastic restoring force. The frame prefer- meric dielectric film with at least two compliant electrodes 
ably provides a linear actuation force characteristic over a and a frame attached to the actuator device. The device can 
displacement range. The linear actuation force characteristic be a retractor or a transducer or a puncture needle. 
is defined as 220% and preferably 10% over a displacement 55 The foregoing and other features and advantages of the 
range. The actuator further includes a passive element system and method for polymer actuator devices for mag- 
disposed between the flexible members to tune a stiffness netic resonance imaging will be apparent from the following 
characteristic of the actuator. The passive element can be a more particular description of preferred embodiments of the 
bistable element. The preferred embodiment actuator system and method as illustrated in the accompanying 
includes one or more layers of the elastomeric film inte- 60 drawings in which like reference characters refer to the same 
grated into the frame. The elastomeric film can be made of 
many elastomeric materials such as, for example, but not 
limited to, acrylic, silicone and latex. 

In accordance with a preferred embodiment, a magnetic 
resonance imaging (MRI) actuator, includes an elastomeric 65 
film coated on a first and a second surface with a first and a 
second compliant electrode, and a frame attached to the 

The present application claims the benefit of the U.S. 
Provisional Patent Application No. 601379,465 filed May 10, 
2002. The entire contents of the above application is incor- 
porated herein by reference in its entirety. 

GOVERNMENT SUPPORT 

BACKGROUND OF THE INVENTION 

40 intracavity probe. 
SUMMARY OF THE INVENTION 

parts throughout the different views. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A and 1B are diagrams of a single stage and 
multistage dielectric polymer actuated in accordance with 
preferred embodiments of the present invention. 
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FIGS. 2A and 2B diagrammatically illustrate the operat- FIGS. 19A-19C illustrate embodiments of devices having 
ing principle of dielectric elastomer actuators in accordance bistable mechanisms in accordance with the present inven- 
with preferred embodiments of the present invention. tion. 

FIGS. 3A and 3B schematically illustrate a prior art FIG. 20 is an exploded view of an actuator module in 
method and a method of implementing dielectric elastomer 5 accordance with a preferred embodiment of the present 
actuators in accordance with a preferred embodiment of the invention. 
present invention, respectively, including a linear dielectric FIGS. 21A and 21B are views of the passive element 
elastomer actuator having a flexible frame. illustrating two stable states of the actuator assembly in 

FIG. 4A is an exploded view of an actuator module with accordance with a preferred embodiment of the present 
a plurality of elastomer films integrated into a flexible frame i o  invention. 
in accordance with a preferred embodiment of the present FIGS. 22A and 22B are views illustrating the actuator in 
invention. its on and off positions in accordance with a preferred 

FIG. 4B is a photograph of the embodiment diagrammati- embodiment of the present invention. 
cally illustrated in FIG. 4A. FIGS. 23A and 23B are schematic views of a hexagonal 

FIG. 5 graphically illustrates the performance of the 15 frame in accordance with a preferred embodiment of the 
actuator in terms of the force-displacement characteristics in present invention. 
accordance with a preferred embodiment of the present FIG. 24 is a preferred embodiment of a frame with 
invention. compliant sides, essentially parallel beams with a continu- 

FIGS. 6A and 6B illustrate a model of the actuator as a ous border, in accordance with the present invention. 
spring that changes its undeformed length upon actuation 20 FIG. 25 is a preferred embodiment of a monolithic frame 
and corresponding force-displacement curves in accordance in accordance with the present invention. 
with preferred embodiments of the present invention. FIGS. 26A and 26B illustrate a diamond-shaped frame in 

FIGS. 7A and 7B illustrate a linear bistable element accordance with a preferred embodiment of the present 
(LBE) and its corresponding force-displacement character- invention. 
istics in accordance with a preferred embodiment of the 25 FIGS. 27A and 27B illustrate embodiments including 
present invention. multiple frames in accordance with preferred embodiments 

FIGS. SA-8C graphically illustrate the performance of a of the present invention. 
compensated actuator model, specifically force displace- FIGS. 28A and 28B illustrate preferred embodiments of a 
ment (work cycle) and the displacement and current curves, parallel beam actuator in accordance with the present inven- 
respectively, in accordance with a preferred embodiment of 30 tion. 
the present invention. FIGS. 29A-29C illustrate preferred embodiments includ- 

ing cylindrical actuators in accordance with the present 
actuator in two states in accordance with a preferred invention. 
embodiment of the present invention. FIGS. 30A-30C illustrate diagrams and a cross-sectional 

FIGS. lOAand 10B, hereinafter collectively referred to as 35 view of a conical actuator in accordance with a preferred 
FIG. 10 is a diagram of a skeletal framework of a binary embodiment of the present invention. 
actuated device in accordance with a preferred embodiment FIG. 31 illustrates a diagram of an actuator including an 
of the present invention. antagonistic pair in accordance with a preferred embodiment 

FIGS. 11A and 11B illustrate a two-stage binary actuated of the present invention. 
device manipulating an object, for example, a mirror, in 40 FIG. 32 illustrates a preferred embodiment having a 
accordance with a preferred embodiment of the present parallel beam actuator with a spring to provide an elastic 
invention. restoring force in accordance with the present invention. 

FIGS. 12A-12D illustrate preferred embodiments of the FIG. 33 illustrates a cross-sectional view of a cylindrical 
present invention in space robotic applications. actuator with a spring to provide an elastic restoring force in 

FIG. 13 illustrates an embodiment of an electromagnetic 45 accordance with a preferred embodiment of the present 

FIGS. 9A and 9B illustrate an embedded flexible-frame 

actuator device. 
FIGS. 14A and 14B schematically illustrate a binary 

robotic articulated device having a serial stack of parallel 
stages, in accordance with a preferred embodiment of the 
present invention. 

FIGS. 15A and 15B illustrate the system architecture of a 
binary actuated device having electromagnetic actuators in 
combination with an elastomeric actuator in accordance with 
a preferred embodiment of the present invention. 

FIGS. 16A and 16B illustrate a preferred embodiment of 
compliant bearings having electromagnetic actuators that 

invention. 
FIG. 34 illustrates a cross-sectional view of a conical 

actuator with a spring to provide an elastic restoring force in 
accordance with a preferred embodiment of the present 

FIGS. 35A and 35B are magnetic resonance images 
(MRI) of a homogenous spherical water phantom with small 
surface coils and larger coils, respectively, in accordance 
with preferred embodiments of the present invention. 

FIGS. 36A-36C illustrate an electrostrictive polymer arti- 
ficial muscle actuator (EPAM) placed on a phantom which 

50 invention. 

55 

can have elastomeric actuators in combination therewith in is a barrel filled with water to simulate the human body 
accordance with the present invention. inside a MRI system and the EPAM spiral coil changing 

FIGS. 17A and 17B illustrate a preferred embodiment of geometry when controlled remotely, respectively, in accor- 
electromagnetic actuators that can have elastomeric actua- 60 dance with a preferred embodiment of the present invention. 
tors combined therewith in accordance with the present FIGS. 37A-37C illustrate MRI images acquired with the 
invention. body coil in accordance with preferred embodiments of the 

FIGS. MA-1, 18A-2, 18A-3, MA-4, 18B and 18C, here- present invention. 
inafter collectively referred to as FIGS. MA-18C illustrate FIGS. 38A-38D illustrate a conventional copper coil, a 
preferred embodiments including bistable mechanisms in 65 circular dielectric elastomer actuator circular coil and their 
parallel with an actuator in accordance with the present MRI images, respectively, in accordance with preferred 
invention. embodiments of the present invention. 
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FIGS. 39A and 39B illustrate a side view and a front view film 62 is coated on both sides with compliant electrodes 64. 
showing an insertion of an intracavity probe having an The compliant electrodes are made from a group including 
elastromeric actuator before and after insertion for prostrate essentially, but not limited to, graphite, carbon, conductive 
diagnosis in accordance with preferred embodiments of the polymers and thin-metal films. As a voltage is applied across 
present invention. 5 the electrodes 64, electrostatic forces cause the film to 

FIGS. 40A and 40B illustrate a preferred embodiment of compress in thickness and expand in area. This area expan- 
an endorectal probe having an elastomeric actuator, in an sion can be used to actuate mechanical systems. The indi- 
assembled configuration and in an exploded view, respec- vidual films can be layered to increase actuation forces. 
tively, in accordance with the present invention. Dielectric elastomers can be used in linear actuators, 

FIG. 41 illustrates a flexible frame elastomeric actuator in i o  loudspeakers, solid state optical devices, rotary drives and as 
accordance with a preferred embodiment of the present generators. Avariety of geometric configurations convert the 
invention. area expansion of the film to linear motion. For example, the 

FIGS. 42A and 42B illustrate dielectric polymer actuated actuator film can be constrained in planar frames or be rolled 
muscle having three degrees of freedom parallel manipulator into tubes that change length. In these embodiments, the 
elements in accordance with a preferred embodiment of the 15 direction of the actuator motion is in the same plane as the 
present invention. film expansion. An example of an out-of-plane device in 

FIG. 43 illustrates a retractor including an electrostrictive accordance with an embodiment of the present invention is 
polymer artificial muscle actuator (EPAM) that can be used a cone-shaped actuator, in which the motion can be nearly 
during intra-operative magnetic resonance imaging (MRI) normal to the undeformed film. 
guided surgery in accordance with a preferred embodiment 20 Planar geometries of dielectric elastomer actuators have 
of the present invention. been proposed to power a snake-like manipulator and an 

FIGS. 44A-44C illustrate alternate preferred embodi- insect-inspired hexapedal walker. A conical geometry has 
ments for applying oscillatory stress to an object in an MR been proposed to power an inchworm robot. Since the 
imaging system to perform MR elastography, in accordance actuators only work in tension, some external restoring force 
with the present invention. 25 is required, which can be achieved in a variety of ways. For 

The drawings are not necessarily to scale, emphasis the case of the snake-like manipulator, each degree of 
instead being placed upon illustrating the principles of the freedom is controlled by an antagonistic pair of actuators. 
invention. The hexapedal walker and the inchworm robot use return 

springs to provide the restoring force. 
For the actuator in accordance with a preferred embodi- 

ment, the restoring force is provided by a flexible frame that 
is directly bonded to the elastomeric film, resulting in a 
compact actuator module with embedded actuation. 

area of dielectric elastomer actuators. Measurements and A dielectric elastomer used in a preferred embodiment, for 
analysis suggests that dielectric elastomer actuators have the 35 example, can be, but not limited to, silicone or acrylics such 
potential of overcoming limitations of conventional actua- as, VHBTM 4910 provided by 3M Corporation of St. Paul, 
tors and serving as a key component for high degrees of Minn. and sold as an adhesive tape. This is a very elastic 
freedom @OF) binary manipulators and devices, as well as material and has been shown to produce the greatest strains 
conventional continuously actuating devices. Under con- and energy densities in laboratory demonstrations. Up to 
trolled conditions, dielectric elastomer actuators have 40 380% strain has been reported. However, such high strains 
achieved very high energy densities. have not been reported for actuators when the material is 

The preferred embodiment of the present invention used in practical applications. This is due to the fact that in 
includes a high DOF binary device driven by modular applications the boundary conditions that maximize perfor- 
dielectric elastomer based actuators. The actuator consists of mance are not maintained. The modular actuator in accor- 
an integrated module consisting of the elastomer film, an 45 dance with the present invention minimizes and preferably 
elastic frame and a passive elastic element. The elastomer eliminates this problem. 
film can be made from many polymer materials such as, for In a preferred embodiment, the dielectric elastomer that 
example, but not limited to, acrylic, silicone and latex. separates the electrodes experiences an electrostatic pressure 
Further, the dielectric polymer can be selected from the as a charge is applied to the electrodes. If both the dielectric 
group including, but not limited to, essentially of silicone, 50 material and the electrodes are compliant, as they conform 
fluorosilicone, fluoroelastomer, natural rubber, polybutadi- to the changing shape of a polymer, then the effective 
ene, nitrile rubber, isoprene and ethylene propylene diene. pressure is given by 
The actuator module applies boundary conditions that 
enhance the performance of elastomeric films. The actuator 
module can work under both tension and compression and 55 
has a linearly constant force through its stroke. It can be 
imnlemented into mechanical svstems without the need of 

DETAILED DESCRIPTION OF THE 
INVENTION 

30 

In recent years, important progress has been made in the 

external restoring forces. The actuator module is used to 
actuate a computer controlled element such as, for example, 
a Binary Robotic Articulated Intelligent Device (BRAID), 
shown in FIGS. 1A and 1B. The BRAID is a lightweight, 
hyper-redundant binary manipulator that can have a large 
number of embedded actuators 16. The embodiment dem- 
onstrates feasibility of the modular dielectric elastomer 
actuators. 

The operating principle of a dielectric elastomer actuator 
is simple and shown in FIGS. 2A and 2B. An elastomeric 

where E is the relative dielectric constant, E, is the permit- 
60 tivity of free space, and E is the applied electric field, which 

is the ratio of the applied voltage (V) over the film thickness 
(z). In general, the larger the effective pressure, the larger the 
actuator strain obtained. 

Understanding the implication of this equation is useful in 
65 actuator design. Equation 1 suggests that a high effective 

pressure results from a large electric field. The maximum 
electric field that can be applied to the film without dam- 
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aging it is the electric breakdown field. The breakdown field 
for VHBTM 4910 increases by more than an order of mag- 
nitude with pre-stretching of the film. Since the electric field 
term (E) in Equation 1 is squared, pre-stretching this mate- 
rial can increase the maximum attainable effective pressure 
by at least an order of magnitude. To fully exploit the 
potential of dielectric elastomer actuators, the pre-stretching 
boundary conditions on the film are important. The amount 
of pre-stretching of the film also affects the dielectric con- 
stant, however its variance with pre-strain is small and 
therefore believed to be less significant in actuator devel- 
opment. 

A simple way to produce linear motion with dielectric 
actuators is to stretch the two parallel beams, as shown in 
FIG. 3A. As a voltage is applied to the electrodes, the film 
expands in area and allows the beams to separate if they are 
pre-loaded. Pre-stretching the film reduces the thickness of 
the film, which in turn reduces the voltage to achieve a given 
electric field. The vertical sides of the film are free, allowing 
the film to bow in. 

From FIG. 3A it is evident that the amount of pre- 
stretching in the passive direction is not uniform throughout 
the actuator film 106. Since the film is largely incompress- 
ible (constant volume), it is thin close to the beams 104 and 
thicker at the center. Applying an electric potential across the 
electrodes creates a non-uniform pressure and deformation 
of the film. Thus, not all areas of the film are actuated fully. 
Since the film is not constrained in the passive directions, it 
exhibits some motion in that direction upon actuation. This 
motion does not produce useful mechanical work. It is 
desirous to maintain the pre-stretched boundary conditions 
on the film without interfering with the desired motion of the 
actuator. In one embodiment, in order to ensure uniformity 
in the film, the aspect ratio of the actuator is increased by 
increasing the width (x) and reducing the height (y). How- 
ever, such geometry is inappropriate for many applications. 

In a preferred embodiment, to solve this problem, the film 
can be incorporated into a flexible frame 122, as shown in 
FIG. 3B. The frame 120 consists of two parallel beams 124 
that are connected with flexible links 122. The frame geom- 
etry is designed such that all areas of film undergo approxi- 
mately equal expansion under actuation. The frame is a 
monolithic piece of DelrinB. Flexibility is provided by 
reducing the wall thickness in certain areas. The film is 
placed between two such frames. 

A second function of the frame is that it provides an 
elastic restoring force that permits the actuator to work 
under both tension and compression. A welcome side-effect 
of the frame is that the risk of tearing of the film at its 
exposed edges is greatly reduced. The frame also prevents 
current arcs from developing around the edges of the film. 

FIG. 4A shows an exploded view of the actuator module 
140 with a plurality of the dielectric films 146 integrated into 
its flexible frame 142. Higher actuation forces can be 
achieved by increasing the number of layers of film sand- 
wiched between the frames. When using an even number of 
dielectric films, the electrodes can be arranged so that the 
two outer electrodes are both grounded. The high voltage is 
only present in the inside of the actuator and is thus shielded 
from the environment. The actuator in this preferred 
embodiment uses two layers of the dielectric polymer as 
shown in FIGS. 4A and 4B. 

To evaluate the performance of the actuator, the force- 
displacement characteristics are measured and graphically 
illustrated in FIG. 5. Curves are shown for an actuator with 
0 kV, 5.5  kV, and completing a work cycle 182. The work 
cycle is generated by constraining the displacement of the 

8 
actuator. Avoltage of 5.5  kV is applied and the force applied 
to the constraint is recorded. While keeping the voltage 
fixed, the constraint is moved until the actuator force is zero. 
The voltage is then removed and the process is repeated. The 

5 area enclosed by a counter-clockwise work cycle corre- 
sponds to the work output per cycle. 

The slope of the curve, which corresponds to the stiffness 
of the actuator, is nearly constant at 0.5 Nimm for the range 
shown. Some hysteresis is evident, which is attributed to the 

10 viscoelastic losses of the film and frame. As shown in FIG. 
5, changing the voltage from 0 to 5.5  kV offsets the curve, 
but does not significantly change its slope, suggesting that 
the stiffness of the actuator is independent of the state of 
actuation over the range shown. The actuator can therefore 

15 be modeled as a spring 200 that changes its undeformed 
length upon actuation while maintaining its stiffness, as 
shown in FIG. 6A. The corresponding force-displacement 
curves 240 are shown in FIG. 6B. 

In FIG. 6B it can be seen that the vertical separation 
2o between the charged and uncharged stiffness curves repre- 

sents the force differential the actuator can achieve if rigidly 
constrained. The horizontal separation of the curves at a 
given force corresponds to the actuator stroke, which is 
independent of external loading, provided the load remains 

25 constant throughout the stroke. Due to the compliance of the 
actuator, its length changes with external loading. The force 
generated by the actuator is not constant throughout the 
stroke. The force reaches its maximum at the beginning and 
linearly decreases to zero at the end of the stroke. However, 

30 for most applications including the BRAID, an actuator that 
provides uniform force is more desirable. Such actuator 
performance can be achieved by tuning the force displace- 
ment profiles in FIG. 6B with a passive element. 

FIGS. 7A and 7B show a linear bi-stable element (LBE) 
and its corresponding force-displacement characteristics. 
The LBE consists of a base 266 that elastically supports two 
opposing flexure arms 262. As a slightly oversized insert 264 
is placed between the arms, it pre-loads the base and causes 

4o the assembly to have two stable configurations. Between 
these bi-stable states, there is a region where the force- 
displacement curve is approximately linear and has a nega- 
tive slope, as shown in FIG. 7B. The slope is a function of 
the geometry and material of the LBE. By varying the width 

45 of the insert, the slope of the force-displacement curve in the 
near-linear region can be tuned precisely. The stiffness of the 
actuator and LBE in parallel is equivalent to the sum of the 
actuator stiffness and LBE stiffness. Thus, by designing a 
LBE with a slope of negative 0.5 Nimm over its linear range, 

5o the combined actuator module can be tuned to have zero 
stiffness (constant force output) over an operating range. 

FIG. SA shows the force displacement characteristics 300 
of the combined actuator module including the passive 
element. The work cycle measurements presented in FIG. 5 

55 were repeated. FIG. SA shows a range over which the 
actuator force is approximately constant. Comparing the 
work cycles in FIG. 5 and FIG. SA, the advantages of the 
compensated actuator become evident. The stroke of the 
actuator is increased from about 4 mm to 8 mm. 

By using mechanical stops the actuator motion can be 
confined to the zero-stiffness range. Such an actuator has 
uniform force-displacement characteristics and reaches the 
same endpoints regardless of loading, provided it is within 
actuator capability. Thus, such an actuator module provides 

65 robust binary operation. By using the actuator in a binary 
fashion, the hysteresis introduced by the viscoelastic prop- 
erties of the elastomer is no longer a concern. 

35 

60 
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FIGS. 8B and 8C graphically illustrate the displacement provides a force of 1.5 N, while weighing 6 grams. The 
320 and current 340 of the actuator versus time. Most of the two-stage BRAID device illustrates that these actuators are 
current is drawn as the actuator charges. Some leakage a feasible alternative to conventional technologies. The 
current is drawn once the actuated state is reached. If the simplicity of the actuators allows for high DOF binary 
dielectric elastomer actuator behaved as a true capacitor, 5 system devices that are virtually all-plastic, inexpensive, 
there would be no current drawn at steady state. The actuator lightweight, and easy to control devices. 
is switched off by draining the charge through a resistor. A preferred embodiment of the present invention includes 
Theoretically, this energy can be recovered by circuitry and binary elastomeric actuated robots for space robotic sys- 
returned to an energy storage device such as a battery. While tems. These robots include simple binary actuators for 
the voltage required for actuation is very high (5.5 kV), the i o  binary operations as described herein, have a compact 
current drawn is extremely low. The peak current for the polymer structure, and compliant, bistable mechanisms 
given actuator is about 0.03 mA, which corresponds to a such as, for example, devices including detents. The detents 
maximum electrical input of 0.165 W. achieve binary actuation due to the creation of sliding 

FIGS. 9A and 9B show the actuator in its two states. The surfaces. FIGS. 12A-12D illustrate applications for space 
actuation force is about 1.5 N. The actuator stroke is about 15 robots including the binary elastomer actuators. The actua- 
8 111111, with the polymer film undergoing a strain of about tors of the preferred embodiment can be integrated into 
57%. The weight of a complete actuator unit is approxi- rovers, satellites and constructions devices. 
mately 6 grams. Most of this weight is due to the frame and FIGS. 14A and 14B schematically illustrate a binary 
bistable element. For a double-layered actuator, the weight robotic articulated device having a serial stack of parallel 
of the dielectric elastomer and electrodes itself is less than 20 stages, each having three binary actuators in accordance 
0.1 grams, only a fraction of what force the actuator is with a preferred embodiment of the present invention. FIG. 
capable of providing. 13 illustrates an embodiment of an electromagnetic actuator 

The range of motion of the actuator can be further device. 
increased in another embodiment by including passive ele- FIGS. 15A and 15B illustrate the system architecture of a 
ments that have the desired negative stiffness over a larger 25 device having at least an electromagnetic actuator in com- 
range. The stroke of the current prototype is limited by the bination with elastomeric actuator. The device includes 
range of the LBE, rather than by the film or frame. bistable detent mechanisms 522, flexural bearings 526 and 

When the actuators are implemented into the BRAID, a preload magnet 528. The elastomer actuator can be used in 
they behave as structural elements with embedded actuation. parallel with the electromagnetic actuator and functions as 
Three parallel actuators form a single stage. A combination 30 an element that assists in actuation. 
of identical stages forms the BRAID. The binary actuators FIGS. 16A and 16B illustrate a preferred embodiment of 
and in particular the BRAID is a primarily all-plastic, compliant bearings having electromagnetic actuators in 
lightweight, binary manipulator. accordance with the present invention. The ball 586 and 

FIG. 10 shows a view of a single BRAID stage before the socket 584 provide spherical joint. The ball-socket joint 
dielectric elastomer actuators are integrated. The kinematics 35 introduces moving parts into the device. In a preferred 
of the mechanism requires a revolute joint 404 at the bottom embodiment, the compliant bearings can have elastomeric 
of the actuator and a spherical joint 402 at the top. One actuators in combination with electromagnetic actuators. 
rotational DOF is provided by a cross-flexural hinge FIGS. 17A and 17B illustrate a preferred embodiment of 
machined from DelrinB. The hinge at the top of the frame electromagnetic actuators. Solenoids 600 can be used in a 
approximates a spherical joint for small motions. It consists 40 push-pull configuration. The solenoid actuators can include 
of a thin compliant leaf that connects two pointed stiff multiple stages, for example, two stages. A preferred 
elements. embodiment can include elastomeric actuators in combina- 

FIGS. 11A and 11B show a two-stage BRAID prototype tion with the solenoid actuators to actuate various mechani- 
manipulating a mirror. It has six binary DOF, allowing cal systems. 
26=64 discrete states. Each degree of freedom is controlled 45 FIGS. 18A-18C illustrate nreferred embodiments of the u 

by a simple switch. The total weight of the two-stage 
BRAID prototype is about 65 grams. The weight of the 
active actuator material itself, i.e. the dielectric film and 
electrodes, accounts for only 1% of the total weight. This 
suggests that most of the weight savings can be achieved by 
optimizing the structure rather than the actuators them- 
selves. The performance of the BRAID presented here is 
suficient to manipulate a small camera. 

Dielectric elastomer artificial muscles have been intro- 
duced into the field of high-DOF binary robotics. The 
performance of these actuators shows promise of making 

present invention including bi-stable mechanisms in parallel 
with an actuator. These embodiments maintain binary con- 
figurations without actuator power which is important in 
many applications such as space systems applications. FIGS. 

50 19A-19C further illustrate embodiments of devices having 
bistable mechanisms in accordance with the present inven- 
tion. 

A preferred embodiment of the present invention includes 
an artificial muscle actuator for various robotic systems. An 

55 assembly of the preferred embodiment allows electrostric- 
tive polymer artificial muscles (EPAMs) or dielectric elas- 

high-DOF binary robotic systems practical. Preferred tomer actuators to effectively and easily be implemented in 
embodiments of the present invention include implementing practical applications. The operating principle of the EPAM 
dielectric elastomer actuators to perform mechanical work. assembly is shown and discussed hereinbefore with respect 
A preferred embodiment includes embedding the elastomer 60 to FIGS. 2A and 2B. An elastomeric film 62 is coated on 
actuators into flexible frames which maintains the desired both sides with compliant electrodes 64. The compliant 
boundary conditions on the actuator film and results in the electrodes is made from a group including essentially, but 
performance of mechanical work. By adding a passive not limited to, graphite, carbon, conductive polymers and 
element, a self-contained actuator module is formed that can thin metal films. As a voltage is applied across the elec- 
work both under tension and compression and produces 65 trodes, the electrostatic charges will force the film 62 to 
approximately uniform force throughout the stroke. The compress in thickness and expand in area. This expansion in 
active actuator area achieves a relative strain of 57% and area can be used to actuate various mechanical systems. 
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In an embodiment, the film is under tension at all times, FIG. 25 is a preferred embodiment of a monolithic frame 
and therefore the dielectric elastomer actuator assembly in accordance with the present invention. In this embodi- 
cannot work under compression without an additional force. ment all parts of the frame are flexible replacing the need for 
In another embodiment, the film is in combination with a parallel beams. 
frame and the actuator assembly can work under compres- 5 FIGS. 26A and 26B illustrate a frame having four links, 
sion and tension, and can both push and pull. forming a diamond. In another preferred embodiment, as 

The actuator frame both pre-stretches the film and pro- illustrated in FIGS. 27A and 27B, a number of frames are 
vides a restoring force in an active direction. A restoring combined, and are all actuated uniformly or separately. In 
force is tuned with an additional passive element to provide FIG. 27A multiple hexagonal-shaped frames are combined 
a constant force throughout the stroke. The passive element i o  while in FIG. 27B multiple flexible diamond-shaped frames 
can be tuned such that when two actuators are used as are combined. 
antagonistic pairs, they behave in a bistable fashion. FIG. In a preferred embodiment, a large number of dielectric 
20 illustrates an exploded view of an actuator module in elastomer actuators can be used to build practical binary 
accordance with a preferred embodiment of the present actuators. A binary actuator is an actuator that has two stable 
invention. The actuator includes an elastomeric polymer 15 states. Since either state can be achieved accurately and 
film 802, compliant electrodes 804, a flexible frame 806, a repeatably, such an actuator is fault tolerant. As many binary 
passive element base 808 and a passive element insert 810 actuators are combined their performance approaches that of 
to preload passive element base 808. a conventional continuous actuator. Due to their simplicity 

The elastomeric polymer film 802 and the compliant and high energy to weight ratio, dielectric elastomer actua- 
electrodes 804 form the EPAM. The EPAM is stretched in 20 tors can be used to power a binary system with many 
both planar directions by being sandwiched between two actuators. The embodiments including linear dielectric elas- 
flexible frames 804. These components 802, 804, 806 form tomer actuators can be used to perform a variety of tasks, for 
an actuator that can both work under tension and compres- example, in a magnetic resonance scanner. 
sion, however the motion of the actuator is limited by the FIGS. 28A and 28B illustrate preferred embodiments of a 
inherent stiffness of the film and frame. The passive element 25 parallel beam actuator in accordance with the present inven- 
808, 810 is connected in parallel with the actuator and tion. In this embodiment an elastomeric film 894, 904 is 
effectively cancels the stiffness of the frame and film. attached to two parallel beams. The elastomeric film is 

FIGS. 21A and 21B show the passive element in accor- coated on both sides with compliant electrodes 896. Apply- 
dance with the present invention. It has two bistable states ing a voltage across the electrodes causes the film to expand 
820,830. Between these two states there is a range where the 30 in area, allowing the two beams to separate. This principle 
force-displacement curve is negative, which cancels the can be used for actuation in mechanical systems. 
positive force-displacement curve of the film and frame. FIGS. 29A-29C illustrate preferred embodiments includ- 
This results in a self-contained dielectric elastomer actuator ing cylindrical actuators in accordance with the present 
module that can both work under tension and compression invention. A cylindrical actuator 910, 920 follows the same 
(e.g. push and pull), and that produces a almost constant 35 principle as the parallel beam actuator. The main difference 
force throughout the actuator stroke. is that a planar sheet of electrode-coated elastomeric film has 

FIGS. 22A and 22B illustrate views of the actuator in its been rolled into a tube. The top and bottom faces of the 
on and off positions in accordance with a preferred embodi- cylinder are rigid disks 912 or rings. The elastomeric film 
ment of the present invention. In a preferred embodiment, forms a cylindrical shell. Both the interior and exterior walls 
the dielectric elastomer actuator can achieve larger displace- 40 of the cylindrical wall are coated with compliant electrodes. 
ments. Another advantage of preferred embodiments Applying a voltage to across the electrodes allows the 
includes an actuator with constant force throughout its cylindrical shell to expand in length. 
stroke. Preferred embodiments can be used in robotic sys- FIGS. 30A-30C illustrate a preferred embodiment includ- 
tems where conventional actuator technology is not feasible, ing a conical actuator in accordance with the present inven- 
for example, inside a magnetic resonance scanner. It can also 45 tion. In this embodiment, the actuator has the shape of a 
be implemented in a surgical assist robot. truncated cone. The base of the cone consists of a rigid 

In a preferred embodiment, a flexible frame is a material circular ring 944, 952. The elastomeric film 946, 954 forms 
that encloses a single or multiple sections of the elastomer a conical shell and is attached to the rigid ring at its base and 
film and serves one or both of the following functions. to a rigid circular disk at its top. The inner and outer sides 
Deformation of the frame results in a change of the enclosed 50 of the elastomeric film are coated with compliant electrodes 
area. It pre-stretches the elastomer film in one or two planar 956. Applying a voltage across the electrodes allows the 
directions. It also provides an elastic restoring force so that cone to expand in height, i.e., the rigid ring and disk are 
the actuator can work both under tension and compression. allowed to separate along the axial direction. 
In an embodiment, the frame can be on just one or alterna- FIG. 31 illustrates a preferred embodiment of a dielectric 
tively both sides of the elastomer film. It can also be directly 55 elastomer actuator having an antagonistic pair. All actuator 
embedded in the elastomeric film. Avariety of geometries of embodiments described hereinbefore can further be com- 
frames meet the above functions. bined with any of the other embodiments. For example, the 

FIGS. 23A and 23B are views illustrating a hexagonal actuators described can be combined with a ratcheting 
frame in accordance with a preferred embodiment of the mechanism to produce a stepper motor. In this embodiment, 
present invention. In this embodiment, the frame can consist 60 the actuator undergoes a reciprocating motion. With each 
of two parallel beams that are connected by two pairs of actuation cycle defined as switching on and off, a rack is 
links 844. The parallel beams move apart upon actuation. advanced by a discrete step. 

FIG. 24 is a preferred embodiment of a frame with As described hereinbefore, the elastomeric film has to be 
compliant sides in accordance with the present invention. under tension for the actuator to function. The film itself is 
This embodiment is similar to the one described hereinbe- 65 not able to work under compression. Thus, for an actuator 
fore, except that the links connecting the beams have been that can work under both tension and compression, an 
replaced by two continuous compliant members 862. external restoring force is necessary. This restoring force can 
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be provided by a resilient elastic element, such as a spring recently, phased array technology has been developed to 
as illustrated in FIGS. 32, 33 and 34. These figures illustrate image the breast, headneck, and temporomandibular joint 
a parallel beam actuator, a cylindrical actuator and a conical (TMJ). Aplurality of resizable surface coils used in an array 
actuator, each having a spring to provide an elastic restoring enable greater flexibility over improving SNR in a region of 
force, respectively. 5 interest. 

All of the actuators described hereinbefore can be further Preferred embodiments of the dielectric elastomer actua- 
combined with a resilient elastic element that has an effec- tors can enable insertable resizable receiver coils in intrac- 
tive negative spring constant over at least part of its range of avity probes that have a smaller profile than the prior art. 
motion in accordance with a preferred embodiment. When Prior art includes a coil mounted to an inflatable balloon for 
combined in parallel with the actuator, such an element can i o  imaging the prostate, rectum and surrounding anatomy. 
increase the stroke of the actuator. It can further tune the These have an internal pickup coil and an inflatable anti- 
force-displacement properties of the actuator module to migration cuff to hold the probe in position. This device is 
meet certain applications. For many applications, it is desir- rather large and can be uncomfortable for patients. A com- 
able to have an actuator that produces a constant force pact endorectal probe, that can expand inside the body by 
throughout its stroke. In another embodiment, the actuation 15 twice to three times its original size, with an integrated 
forces can be increased by using multiple layers of the resizable electrically controlled receiving coil has a highly 
elastomeric film and electrodes sandwich. significant impact on patient comfort. Using conventional 

A preferred embodiment of the present invention includes actuators with metal components to achieve this function 
intracavity probes, specifically, endorectal probes and endo- would seriously degrade the MRI image. Preferred embodi- 
scopes with integrated resizable pickup. These embodiments 20 ments of the plastic based dielectric elastomer actuators are 
are very compact during insertion into the body. Once MRI compatible. Dielectric elastomer actuator technology 
inserted, they expand into a tunable coil with multi-zoom can enable resizable receiver coils in intracavity probes, 
factors. Diagnosis of prostate tumors and Barren’s Esopha- which is very desirable. 
gus (to image the heart) significantly benefit from these Preferred embodiments of the present invention include 
embodiments. Another embodiment includes a second class 25 manipulative devices having EPAMs for use inside closed 
of devices having dielectric elastomeric actuated manipula- MRI scanners including special manipulations and systems. 
tors for use in magnetic resonance imaging (MRI) environ- These embodiments, for example, might permit a minimally 
ments for such applications as a surgical aid and steerable invasive surgery to be performed remotely while the proce- 
endoscopes. dure is monitored by the MRI. For example, an acoustic 

The radio frequency signal from a sample being imaged 30 array can be moved andor focussed by manipulating a 
using magnetic resonance imaging (MRI) is acquired using device including an EPAM. Preferred embodiments of a 
an antenna or “coil.” A series of these signals is used to manipulator device can vary the size of a coil, vary the shape 
construct the image. In clinical imaging, coils are geometri- of an acoustic array, andor vary the position of the acoustic 
cally customized to the body region of interest. Small array. Thus, the EPAM can shape other elements that are 
surface coils can achieve a higher signal-to-noise ratio 35 used for treatment andor measurements or diagnosis in the 
(SNR) because they receive noise from a smaller portion of MRI environment. 
the sample volume. The disadvantage of small surface coils, The embodiments include dielectric elastomer actuators. 
however, is limited lateral coverage and limited depth of These materials offer many advantages, such as large 
tissue penetration. Moreover, inhomogeneous spatial unifor- strokes, high energy densities, and fast responses, and can be 
mity is associated with the size of coils. Larger coils with 40 used to produce miniature, inexpensive, and lightweight 
inherently better penetration and coverage have the advan- actuators. As described hereinbefore, a linear binary dielec- 
tage of improved uniformity as comparatively shown in tric elastomer actuator can have a compliant bistable 
FIGS. 35A and 35B. In these figures, white rectangles mechanism integrated into the actuator to hold the actuator 
represent the locations and sizes of the coils and a lighter in its at least two stable positions. 
area indicates a region of higher SNR. The image acquired 45 The operating principle of a dielectric elastomer actuator 
through a small surface coil is shown in FIG. 35A. It has a has been described with respect to FIGS. 2A and 2B. An 
high peak SNR, but little penetration. Better penetration insulating elastic film is sandwiched between two compliant 
with a reduced peak SNR is obtained by the large surface electrodes. Applying a high voltage, several kV, across the 
coil as shown in FIG. 35B. electrodes causes them to attract one another and squeeze 

Typical commercial MRI surface coil receivers have a 50 the film, reducing the film’s thickness and increasing its 
fixed or passively flexible geometry, which has been area. This kind of enlargement can be exploited to actuate 
designed for a specific part of the body, for example, the mechanical systems. 
head, neck, shoulder, breast, and chest. In some cases, coils Preferred embodiments of the present invention having 
of different sizes are necessary for a single MRI diagnosis. dielectric elastomer actuators have numerous advantages 
A large coil may be necessary to get a global image of an 55 that make them ideal for actuators in a MRI environment. 
area and a smaller coil to get a high-resolution image in These include minimal degradation of the MRI image, 
some sub-region. The medical staff must physically change compatibility and safety in contact with patients, they are 
different coils during a session. An electrically resizable coil disposable (inexpensive), easily controlled, have a large 
either remotely controlled from the operating and display strain (more than loo%), and are constructed mostly of 
console or self-optimizing can significantly reduce the 60 polymer and are thus lightweight. 
acquisition time and thus diagnosis time for a patient and Preferred embodiments include a receiving radio fre- 
improve image quality. quency (“RF”) antenna or coil or plurality of coils, including 

In preferred embodiments, dielectric elastomer actuator dielectric elastomer actuator materials, which can vary its 
materials can be used to cause a coil to contour to the size under remote command. A surface coil can be placed on 
anatomy. The curvature for a shoulder coil, for example, can 65 the exterior of the body that can change its contour to match 
be adapted to the patient habitus. Further, phased array coils the contour of the body to optimize coil filling factor in 
are often used to image the heart, torso and pelvis. More preferred embodiments. Further embodiments of the present 
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invention include a surface coil placed on the exterior of the elastomer actuator without wires. The noise resulted from 
body that can change its size and shape to adapt depth of the antenna effect of the power cables. A filter placed on the 
penetration to the region of interest in the tissue in order to power lines addresses the image noise. In an alternative 
optimize the signal to noise ratio of the image in that region. embodiment, the power supply can be located inside the 
Further, a plurality of surface coils collectively known as a 5 MRI room. 
phased array coil, each of which can independently change Additional measurements that have been taken include 
size and shape to adapt depth of penetration to the region of placing the dielectric elastomer actuator receiver coil on the 
interest in the tissue in order to optimize the signal to noise phantom. FIGS. 38A-38D illustrate a conventional copper 
ratio of the image in that region and cover a larger imaging coil and a dielectric elastomer actuator circular coil with 
volume than can a single surface coil are included in i o  their MRI images, respectively, in accordance with preferred 
alternate embodiments. embodiments of the present invention. The MRI image 

Preferred embodiments also include an insertable deploy- acquired (FIG. 38D) with the dielectric elastomer actuator 
able intracavity probe to allow the local imaging of non- coil (FIG. 38B) shows a somewhat lower signal to noise 
superficial tissues, for example, prostate via the anterior (SNR) than that of the conventional copper coil (FIG. 38A). 
rectal wall, the heart via the esophagus, bladder wall sub- 15 It is believed that the increased noise is due to the higher 
sequent to urethral insertion and arterial or venous wall via resistance of the dielectric elastomer actuator coil. Decreas- 
the artery or vein. The probe can be inserted in a minimum ing coil resistance reduces coil noise and results in images 
profile configuration then expanded once placed near the with high SNR. Further embodiments with an optimized 
region of interest. In addition, preferred embodiments dielectric elastomer actuator coil have a higher SNR. In a 
include an approximately all-plastic manipulator made of 20 preferred embodiment, a thicker deposition of silver grease 
dielectric elastomer or other actuator muscle materials for can provide a lower resistance and therefore a better image. 
actuation of a biopsy needle or therapeutic probes to align Measurements indicate that dielectric elastomer actuator 
the trajectory and advance the needle or probe into the surface mounted coils are a promising technology. 
tissue. Preferred embodiments include a positioning device In a preferred embodiment the EPAM actuator and the 
for use in MRI of a region of interest having a plurality of 25 MRI coil receiver loop can be formed from two different 
stages including dielectric elastomer actuator materials, for elastomers. They can be arranged in layers, for example, 
example, for the positioning of a focused ultrasound phased alternating layers of the coil, and the polymer actuator. 
array over the target tissue to be ablated. Specific layers can be predetermined to be active or passive. 

An embodiment of the present invention includes EPAMs In an embodiment having a surface coil, a second ring of 
which require, high voltage for actuation (several kV) due to 30 EPAM material can be used as the frame of the coil and a 
current manufacturing limitations. Analysis to quantify the thick layer of silver paint can be used as the conductor (FIG. 
risks of such voltages to patients and clinicians has been 38B). The coil possesses the same flexibility properties as 
performed. The primary danger of the high voltage is a the EPAM actuator and thus has the capability to expand 
current from power supply short-circuited across the human with the actuator and be compliant. 
body and a current from the stored energy of a charged 35 Another preferred embodiment includes a woven switch- 
EPAM discharging through the human body. However, ing matrix having an interlacing of mutually perpendicular 
despite the high voltage required, the actual electrical energy conductors and insulator threads. The woven matrix pos- 
stored in the EPAM is very small. In a preferred embodi- sesses properties of inductance, capacitance and resistance. 
ment, the dielectric elastomer actuator with an SO mm An RF coil can be constructed from this material having 
diameter produces a maximum current of 0.1 mA. This is far 40 both a flexible cross-section and an adjustable radius. In this 
less than the 2 mAallowed by the European Organization for embodiment, the EPAM actuator can be used to change the 
Nuclear Research, suggesting that the estimated current does radius of the woven switching matrix RF coil. 
not represent a serious hazard. Preferred embodiments of the present invention include 

The dielectric elastomer actuator can operate effectively insertable intracavity probes having dielectric elastomer 
in the high MRI magnetic field. The high magnetic field had 45 actuators wherein flexible surface coils can be placed into 
no detectable effect on the performance of the dielectric the rectum or esophagus to image the heart and bring the 
elastomer actuator muscle. The dielectric elastomer actuator detector, the coil, closer to the tissue of interest. To be 
was placed on a phantom which is a sphere and cylinder minimally invasive, the coils can have a minimal profile 
filled with water to simulate the human body as shown in when entering the body. For optimized imaging, the elasto- 
FIG. 36A. FIGS. 36B and 36C disvlav an dielectric elas- 50 meric actuator ovens to the maximum diameter comfortable 

I ,  

tomer actuator muscle spiral coil changing its geometry 
when controlled remotely. 

Measurements regarding unwanted electromagnetic emis- 
sions produced by the dielectric elastomer actuator muscle 
were taken. These emissions can manifest themselves as 
bands of noise in the image. The MRI images can be 
acquired with the body coil, which lines the bore of the 
scanner, while the dielectric elastomer actuator device is in 
the imaging volume. Some image noise is exhibited under 
some conditions as illustrated in FIG. 37B. The white arrow 
1092 points to the band of noise in the image. However, this 

for the patient. Dielectric elastomer actuator based coils that 
can change size and shape can be used for in-vivo applica- 
tions. 

Preferred embodiments that combine deployable struc- 
55 tures with large strain dielectric elastomer actuators can 

produce devices with relatively large ratios between their 
deployed and stowed sizes. FIGS. 39A and 39B illustrate an 
embodiment of an endorectal probe that is stowed before 
insertion and then deployed in the human body in accor- 

60 dance with the present invention. The receiver coil is resiz- 
able according to the patient habitus and affords a smaller 

noise is not due to the dielectric elastomer actuators, but was profile for insertion than the prior art. 
traced to their power lines. FIGS. 40A and 40B show a preferred embodiment of a 

FIGS. 37B and 37C illustrate the images acquired for the dielectric elastomer actuator based endorectal probe for 
dielectric elastomer actuator with and without its power 65 prostate tumor diagnosis that can also be implemented as an 
lines, respectively. With the dielectric elastomer actuator on endoscopic probe for Barren’s Esophagus diagnosis. In this 
or off, there is no noise for the case of the dielectric embodiment the device is driven by a large-stroke linear 
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dielectric elastomer actuators. The receiver coil 2104 dis- migrated to MRI-guidance with the development of MRI- 
posed on a passive polymer layer, is separated from the compatible manipulators. Elastomer actuators decrease the 
EPAM actuators 2106. The receiver coil is positioned on the size and cost of the MRI-guided focused ultrasound system. 
upper part of the device to be as proximate as possible to the As the preferred embodiment system ablates tumors in a 
organs to be imaged. Compliant structures can be integrated 5 truly non-invasive fashion, it can supplant conventional 
into the device to further increase the stoweddeployed size surgery. 
ratio. Further, a phased array coil having many elements that 

Dielectric elastomer actuators in preferred embodiments can be switched odoff to improve image quality for a given 
can be used as the basis for manipulators to function inside target can include dielectric elastomer actuator coils that can 
MRI systems. Preferred embodiments have integrated i o  add a degree of freedom of resizing the coil to further 
dielectric elastomer actuator with flexible frames to produce improve this process. For example, resizing an MRI surface 
actuators that can both “push and pull.” These actuators are coil can enable optimization of coil size to patient habitus 
simple, as they only consist of the materials used to form the and imaging target. The trade off between tissue penetration 
elastomer, the frame and electrodes. FIG. 41 illustrates a and signal to noise ratio can be optimized. In some single 
preferred embodiment of such an dielectric elastomer actua- 15 surface coil embodiments, the coil is selected from a family 
tor. It is constructed with acrylic film coated with a com- of surface coils having different sizes. With a resizable coil, 
pliant electrode and is attached to a flexible frame 2122, one coil can suffice. 
which is machined from a single piece of plastic. In an Prior art insertable coils are passive in their deployment. 
embodiment, this actuator has a linear strain of about 30% Preferred embodiments of dielectric elastomer actuator 
and a force output of about a 0.5 N. The width of the actuator 20 based insertable coils may be opened to a continuum of sizes 
is about 10 cm. to match patient habitus. Using these preferred embodi- 

The actuator shown in FIG. 41 has a single layer elas- ments, devices that deploy inside the bladder are possible. 
tomer film with a thickness of about 0.05 mm. In preferred Another embodiment of the present invention includes a 
embodiments, the individual elastomer films can be multi- device for applying an oscillatory stress to an object posi- 
layered, with the output force being proportional to the 25 tioned in a polarizing magnetic field of a nuclear magnetic 
number of layers, Therefore, the actuator is capable of an 
output force of at least 10 N with the elastomer actuator 
sandwich thickness of about 1 mm. Dielectric elastomer 
actuators also have the potential for miniaturization, as the 
specific power output is independent of scale. The flexible 
frame dielectric elastomer actuators of preferred embodi- 
ments can actuate MRI compatible manipulators. 

FIG. 42A illustrates a preferred embodiment of a single 
stage, three degree of freedom parallel manipulator with 
dielectric elastomer actuators. Combining multide stages 

resonance (NMR) imaging system, used to perform MR 
elastography. MR elastography includes quantitatively map- 
ping the physical response of a material to harmonic 
mechanical excitation (shear wave). The resulting images 

30 allow calculation of regional mechanical properties. The 
method is sensitive to cyclic displacements smaller than 200 
nanometers. In addition, the method is feasible for delineat- 
ing elasticity and other mechanical properties of tissue. The 
method can be used as a diagnostic tool in the detection of 

35 abnormalities in tissue. such as those caused bv cancer or 
u u 

results in a manipulator that can be used for positioning a other lesions and characterizing processes in tissues accom- 
variety of devices. FIG. 42B illustrates a multistage MRI panied by changes in their mechanical properties. Further, 
manipulator. Using a multistage manipulator to position an the method can also be used for assessment of brain tissue 
imaging coil, focused images can be taken of different and the evaluation of the biomechanical state of muscle. 
regions of the body without having to remove the patient 40 A device is necessary to remotely induce a shear wave in 
from the MRI scanner. Combining this with the variable the tissue. The prior art describes ultrasonic oscillators, 
imaging coil allows the location as well as the focus of the electrically energized coils, and piezoelectric transducers. In 
image to be controlled remotely. The result is a more a preferred embodiment, the EPAM actuator produces the 
efficient use of the MRI scanner as well as a minimization mechanical excitation required to induce a shear wave in the 
of the discomfort a patient may experience due to the 45 tissue. 
confined space. FIG. 43 illustrates a retractor including an electrostrictive 

Preferred embodiments of the present invention include polymer artificial muscle actuator (EPAM) that can be used 
MRI compatible surgical robots and manipulators. A robot is during intra-operative magnetic resonance imaging (MRI) 
capable of high precision and has the potential for telesur- guided surgery in accordance with a preferred embodiment 
gery, and MRI adds the benefits of image-guided surgery. 50 of the present invention. A retractor 2202 in direct contact 
These motivations result in embodiments having an MR with the brain 2208 during intra-operative MRI-guided 
Compatible Surgical Assist Robot. Due to the inherent MR surgery can be driven by an EPAM actuator 2206 to produce 
compatibility of dielectric elastomer actuators, robots with a shear wave. 
dielectric elastomer actuators have the potential of further FIGS. 44A-44C illustrate alternate preferred embodi- 
advancing state of the art MR compatible surgical assist 55 ments for applying oscillatory stress to an object in an MR 
robots. With its virtually all plastic construction, a dielectric imaging system to perform MR elastography, in accordance 
elastomer actuator powered robot can be placed very close with the present invention. A transducer having an EPAM 
to the region of interest and perform high precision tasks actuator 2222 can be gripped by the patient’s teeth and can 
without distorting the images. produce a shear wave within the brain, for example, by 

Other embodiments of the present invention also include 60 vibrating the entire skull as illustrated in FIG. 44A. Alter- 
the dielectric elastomer actuators in MRI-guided procedures. natively, bulk motion of tissue 2248 can be induced by a 
As some breast lesions cannot be seen under mammography form-fit EPAM device attached to any part of the body or to 
or ultrasound, MRI is the only imaging modality that assures the head as illustrated in FIGS. 44B and 44C. For organs that 
accurate lesion targeting for biopsy. Such procedures can be do not communicate with the skin, for example, the liver, a 
performed in closed bore magnets, by removing the patient 65 puncture needle may provide mechanical contact. The 
in order to change trajectory of the needle and for advance- EPAM driver can be connected to such a needle 2244 as 
ment. Minimally invasive surgery procedures can be illustrated in FIG. 44B. 
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The claims should not be read as limited to the described 
order or elements unless stated to that effect. Therefore, all 
embodiments that come within the scope and spirit of the 
following claims and equivalents thereto are claimed as the 
invention. 

What is claimed: 
1. An actuator for use in magnetic resonance imaging, 

an actuator device for actuating movement of an object 
within a magnetic coil assembly of a magnetic reso- 
nance imaging device, the actuator device having an 
elastomeric dielectric film with a first compliant elec- 
trode and a second compliant electrode; wherein the 
actuator device is disposed within the magnetic field 
generated by magnetic coil assembly of the magnetic 
resonance imaging device, and 

a frame element of a the magnetic resonance imaging 
device attached to at least a portion of the actuator 
device. 

2. The actuator of claim 1, wherein the elastomeric 
dielectric film comprises a plurality of layers of silicone. 

3. The actuator of claim 1, wherein the elastomeric film 
comprises a plurality of layers of acrylic. 

4. The actuator of claim 1, wherein the frame element 
further comprises a flexible member. 

5. The actuator of claim 1, further comprising the frame 
element having a rigid member comprising one or more of 
parallel beams, curved beams, rods, and plates. 

6. The actuator of claim 1, further comprising a device 
having a plurality of actuator stages. 

7. The actuator of claim 1, further comprising an electri- 
cally resizable receiver coil disposed on a portion of at least 
one of the first and the second surface of the elastomeric 
dielectric film. 

8. The actuator of claim 1, wherein the frame element 
provides a linear actuation force characteristic over a dis- 
placement range. 

9. The actuator of claim 1 wherein the actuator device 
comprises a bi-stable actuator. 

10. A positioning device for use in magnetic resonance 
imaging of a region of interest having a plurality of stages, 
each stage of the device comprising: 

an actuator device having an elastomer dielectric film 
with a first electrode and a second electrode, wherein 
the actuator device is disposed within the magnetic 
field generated by a magnetic coil assembly of a 
magnetic resonance imaging device; 

a frame element of the magnetic resonance imaging 
device attached to at least a portion of the actuator 
device; and 

an electrically resizable receiver coil disposed on at least 
a portion of the actuator device to remotely control the 
location and focus of the region of interest. 

11. The positioning device of claim 10, wherein the frame 
element provides a linear actuation force characteristic over 
a displacement range. 

12. The positioning device of claim 10, wherein the frame 
further element comprises a rigid member coupled with a 
plurality of links. 

13. The positioning device of claim 12, further compris- 
ing a bi-stable passive element coupled to the plurality of 
links. 

14. The positioning device of claim 10, wherein the 
elastomer dielectric film comprises a plurality of layers of 
one or more of silicone and acrylic. 

comprising: 

20 
15. The positioning device of claim 10, wherein the frame 

element comprises one or more of parallel beams, curved 
beams, rods and plates. 

16. A probe for use in magnetic resonance imaging of a 
region of interest within a body, the region of interest within 
the body being disposed within the magnetic field generated 
by a magnetic coil assembly of a magnetic resonance 
imaging device, comprising: 

an elongate shaft having a proximal end and a distal end; 
and 

an actuator device disposed in the distal end, the actuator 
device having an elastomeric dielectric film with a first 
compliant electrode and a second compliant electrode, 
the actuator device further having a frame element and 
a variable size receiver coil disposed thereon; wherein 
the distal end of the probe is disposed within the 
magnetic field generated by the magnetic coil assembly 
of the magnetic resonance imaging device. 

17. The probe of claim 16, wherein the variable size coil 
is remotely controllable. 

18. The probe of claim 16, further comprising a plurality 
of varying sizes for insertion into and deployment within a 

19. A receiver coil for a magnetic resonance imaging 
device for use in magnetic resonance imaging of a region of 
interest, comprising: 

an actuator device having an elastomeric dielectric film 
with a first compliant electrode and a second compliant 
electrode, wherein the actuator device is disposed 
within the magnetic field generated by a magnetic coil 
assembly of the magnetic resonance imaging device; 

a frame element of the magnetic resonance imaging 
device attached to at least a portion of the actuator 
device. 

20. The receiver coil of claim 19, further comprising the 

21. The receiver coil of claim 19, wherein the coil has a 

22. The receiver coil of claim 19, wherein the coil is 

23. A device to manipulate objects in a magnetic reso- 

an actuator device having an elastomer dielectric film 
with a first electrode and a second electrode; 

a frame element of a magnetic imaging device attached to 
at least a portion of the actuator device; and 

an electrically resizable receiver coil disposed on at least 
a portion of the elastomer dielectric film to remotely 
control the location and focus of the region of interest; 
wherein the actuator device is disposed within the 
magnetic field generated by a magnetic coil assembly 
of the magnetic resonance imaging device. 

24. The device to manipulate objects of claim 23, wherein 
6o the frame element further comprises rigid members coupled 

with a plurality of links. 
25. The device to manipulate objects of claim 24, further 

comprising a bi-stable passive element coupled to the plu- 
rality of links. 

26. The device to manipulate objects of claim 23, wherein 
the elastomer dielectric film comprises a plurality of layers 
of one or more of silicone and acrylic. 

l5 

20 

25 cavity. 

3o 

35 and 

40 frame element having at least one flexible member. 

variable size that is remotely controllable. 

45 integrated in an intracavity probe. 

nance imaging environment, comprising: 

50 

55  
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27. The device to manipulate objects of claim 23, wherein 
the frame element further comprises of one of parallel 
beams, curved beams, rods and plates. 

28. A device for applying oscillatory stress to an object 
within a magnetic resonance imaging device for use in 5 
magnetic resonance imaging, comprising: 

an actuator device having an elastomeric dielectric film 
with a first compliant electrode and a second compliant 

within the magnetic field generated by a magnetic coil 
assembly of the magnetic resonance imaging device; 
and 

a frame element of the magnetic resonance imaging 
device attached to at least a portion of the actuator 
device. 

electrode, wherein the actuator device is disposed * * * * *  


